Biocatalysis has emerged as a great addition to traditional chemical processes for production of bulk chemicals and pharmaceuticals. To overcome the limitations of naturally occurring enzymes, directed evolution has become the most important tool for improving critical traits of biocatalysts such as thermostability, activity, selectivity, and tolerance towards organic solvents for industrial applications. Recent advances in mutant library creation and high-throughput screening have greatly facilitated the engineering of novel and improved biocatalysts. This review provides an update of the recent developments in the use of directed evolution to engineer biocatalysts for practical applications.
Introduction
Biocatalysts have been extensively studied and increasingly applied in the industrial production of bulk chemicals and pharmaceuticals (de Carvalho, 2011; Du et al., 2011; Patel, 2011; Rubin-Pitel and Zhao, 2006; Schoemaker et al., 2003; Wen et al., 2009; Zhao, 2011) . Compared to chemical catalysis, biocatalysis provides tremendous advantages such as high efficiency, high degree of selectivity (regio-, chemo-, and enantio-), and ''green'' reaction conditions (Hudlicky and Reed, 2009; Reetz, 2009) . Notable examples include the nitrile hydratase catalyzed hydrolysis of acrylonitrile to acrylamide for use in plastics, which reached a production level of 10,000 tons per year and the large-scale D-amino acid oxidase catalyzed transformation of cephalosporin C to a-keto-adipyl-7-aminocephalosporinic acid for use in antibiotics production (Wandrey et al., 2000) .
Thanks to recent advances in functional genomics, numerous new enzymes have been discovered from various sources. However, in most cases, naturally occurring enzymes are not optimized for practical applications due to the difference between the cellular environment and the industrial setting. Different approaches have been taken to solve this problem, such as tailoring the target chemical manufacturing process to suit the biocatalyst and exploring enzyme homologs to suit the industrial process. The latter is greatly facilitated by the exponential growth of genome and metagenome sequencing data (Fernandez-Arrojo et al., 2010) . Nevertheless, the most successful approach is to engineer existing biocatalysts to be compatible with the target industrial process via directed evolution. Through iterative cycles of mutation, selection and amplification, important traits (e.g. thermostability, activity, selectivity, and tolerance towards organic solvents) of biocatalysts can be optimized for industrial application.
The purpose of this review is to update the recent developments in the use of directed evolution to engineer biocatalysts for practical applications. New tools for directed evolution are briefly discussed. Recent examples of enzyme engineering via directed evolution are grouped according to different enzyme classes and discussed in detail.
New tools for directed evolution
A general scheme of directed evolution experiments contains four main steps (Fig. 1) . The first step is to choose a parent protein.
Usually, a parent protein has a similar target function but is not optimal for the desired application, although recent reports have indicated that completely novel functions can be created via a combined rational design and directed evolution approach (Chen et al., 2009; Jiang et al., 2008; Smith and Hecht, 2011) . In addition, an unnatural amino acid containing protein can be evolved to improve its target property (Brustad and Arnold, 2011) . The second step is to create a mutant library based on the parent protein. A wide variety of methods have been developed to create a mutant library, including chemical mutagenesis, mutator strain, error-prone PCR, site-saturating mutagenesis, and DNA shuffling (Labrou, 2010; Wen et al., 2009 ). Library creation is relatively easy but critical to the success of directed evolution because of our 0960-8524/$ -see front matter Ó 2012 Elsevier Ltd. All rights reserved. doi:10.1016/j.biortech.2012.01.054
